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A number of strains of Escherichia coli K-12 failed to synthesize «onifi™„i 
amounts of biodegradative threonine dehydratas : (EC : 4 STS^^ 

tL a en ? bIed / few of mese strains » notably MB201. to induce 

the enzyme. An examination of the kinetic parameters, moduler solvit v ™h 
immunological cross-reactivity revealed tha? S^m ^SSSSTSma^ 

"SS^r *? PCarCd indi ^nguSle &mS&E£ of 
L SP" 1 " ™f reduced expression of threonine dehydratase 

^^^^ 

^rrw^ ^ • — - ess* fflsa&"=r 

sible for the altered expression of the dehydratase in MB201 w^tocated i 

MMhe gene encoding phosphoglucose isomerase. as judged by grow^xreri 
nMiteonglucoseand^ 

sponteneous and simultaneous reversion of MB201 CWcI) to Tdcr and 
p«enot y pe aud congregation of the two loci during transduction wfth p? -ha?- 
Because not afl stnuns lacking the dehydratase showed rftaSSSieSSe 
synthesis or bad lesions at theps/locus, it appears that a2£m£o3Stebd 
on the E. col, chromosome may influence the expression of the e^yS viv^ 

live threonine dehydtatases (EC 4 2U6)tf '"V™"* «Penmental 

Escherichia coli and oSfaShm ftv o> Su^nfnTdTJ ^ iDducibi, - 

(3, 5, 7, 18, 19, 23). the mechanism which to ocati™^?. i ^ , ? Se .' ch "»mosomaI 

S Sl U ' eS ? ° f £ e enzvme is in vWo is £nS phyaoto e ,cal effects <"> ^yme 

stdl unclear. Previous work has shown that the y ™ esls - 

aehydratase is induced under anaerobic condi- MATERIALS AND METHODS 

Wns manuno acid-rich medium, requires cAMP Materials. Tryptone, yeast extract a«r „„,i 

for its synthesis, and is sensitive to catabolite F^UDd «>«^aC^i ^ ^JT't^i 

repression by glucose (20, 22, 26, 28). Recent ^^ries^Amino^'w^p^K £onff£ 

studies (6, 29) on the amino acid requirements ma Cl ? en *»' Co.. ^eihyh^noc^akkhy^ 

for enzyme synthesis indicate that a combina- H% < ? b .!? ned lhrou 8 n Chemical Co., and 

ton of several amino acids, especially three- SS, 2 !T ""T* 85 * 1 from Bio-Rad Laboratories, 

nine, valine, leucine, and aspartate, is essential Sm^?™ ' ""S^ ^Mratase from £. 

for the phenomenon of muMvalem induction ££SZ> T^g*.*?" Lmdi Park (,9 > 

Because of the complex culture condSt U,^ e ^ a ft™f ge ^ tt ^ f «"') 

quired for the synthesis of the enzyme and lack cMOO was a efrtoT^TrZt^Z Vr 

of phenotype, it is difficult to select mutants department (1). nderson * Uus 

affecting the enzyme, a factor which has delayed ... c ^ tan «*H«"fc>ns. CeHs were routinely grown aero- 

progress m a genetic analysis of this inducible """"y ? 37 °C ™ LB medium (17); the mmtaal m«fr 

system. By screening a number of strains of E. 3™. U J*. medium A OTJ- To induce threonine 

coli K-12, we have identified several which do r^* atase ' cuUures incubated at 37-C in the 

no, symhesizethreo^ne dehydratase in the ami- ffiETSSSSM^ 

confinncd wth a methylene blue indicator. Sii some 
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SK!?*?' anaerobic conditions were approximated 
byfiUmg thc flasks or culture tubes to vStiiin 1 inch 
(ca. 2.5 cm) of the neck and allowing the vessels to 
remain stationary (still culture). 

«SSf^o"?? 8 ' Thn ? nine dehydratase activity in 

nm as described by Shizuta et ai. (24). The assav 
mixture, in a final volume of 1 ml, contained 100 

nme, 3 mM AMP, and 10 mM L-isoleucine (the Utter 
^KnT ***** ^-dl^ 
™ e Rowing procedure was routinely used to 
S«Sf^ f0r U ^ nine dc Mratase^tivfcy £ 
5^1 of tril?™^ °! QCU ^^ion, mfced 
wwn 5 |U of toluene, was shaken vigorously for 30 s 
T*e oluenized cells were then incubated at 37? for 20 
mm m 0.95 ml of the assay solution describSvf 

^hT Um .° f a * ketobul y rate P"*"^ was mJ- 
XElih -i . col ° r ¥ netric ^y method with dinitro- 
phenylhydrazine (10) as modified by Bhadra and Dai£ 

n Q I?K t ? ,, ! anase activity was determined by the cin- 
nTinH h L de accordin 8 to Gartner and Mey 

« d^rit^ ?. cammase was detennined 

as described by McFall (16). Fumarate reductase 
activity was measured by monitorir^^ 
l e °U W K da c 0n 0f reduced benzyl viologln iTlt 
£?E by , Spen , Cer 31,(1 Guest (25) with thfexception 
t benzyl viologen was photoreduced by using a 

we tZ'n— VSt ° 5); H Unit of is kfir^f as 

tae amoum oi enzyme required u> reduce I »imoi of 
fumarate .n 5 min at OX (benzyl viologen undergoes a 
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spectral shift between 0 and 3TO NAirn 
activity was measured spectroSmeu^y 0 ^ 
^Vk' ^ cytochrome «*i content was oetermined 
fromj *e Afference spectra of oxidized nunwoSci 
Ue^uced samples (13). ttospboglucose toinera^ 
acuvuy was measured by me^^phS 
coupled assay as recommended by Fraenkel and L^- 

activity per milligram of protein; unless otherwise 

fS&ZZf*** '» defined <* ^ 
required to produce an increase in absorbance (atthc 

nSSTw ^f'^ oflW after tai^onforl 

TnSo^ 

c^plete aojuvant was administered to each of tee 
Z££ by J 11 ^^ injections along the donS 
nudbne. and the procedure was repeated 120 d^s 
later. Ten days after the second injection a sS 
amount of blood was coUected at weeUy SterVak^nd 
antisera having a high titer of antibody wereDoiS 
Antibodies were detected by the OuchK Sortfe 
diflusion technique (12). To purify antibcdk* pooled 
antiserum was passed through a coIum^f A^ ^ 
to which purified threoninT dehyA^ nad been 
coupled covalently (4). After exhau^wSnlof 

sodium phosphate buffer, pH 7.2, and 1.4 M Nad in 

w.th 4.5 _M MgCI 2 , essentially as described by Shapiro 

SeBectlon of revertants. Strain MB201 produces 



Strain 
T211B 



TABLE 1. E. coli strains used 



Genotype 



KL14 

KL16 

KL226 

PK191 

HfrH 

ES430 

BW113 

AB1927 

DF40 

M2508 

JP5053 

CU372 

AE84 



W4680 

EO300 

MB102 

MB201" 

MB202 

MB203 

MB431 
MB206 
MB227 



/Ai-/ Ion au-6 rpsL tonA23 tsx-67 tdcl 
Hfr thi-l relAI X~ 
Hfr thi-l relAI \~ 
Hfr relAI tonA22 X' 
Hfr biproB-lac) sup-56 xlll \- 
Hfr thi-l rei~l X" 
Hfr thi-l malB29 relAI X" 
Hfr metBl X" 

Hfr metA2S argHl purFl xvl-7 supE44 r > 

Hfr pgi-2 telA I tonA22 T2 r ' 

Hfr metBl relAI melAl 

F~ WHl netBlnagAl rpsttSS rpoB352 

F gal A(UvDAC) teu-455 

F- argG6 his-1 trp-Sl mtt-2 xyt-7 malAl gate 

5f ^ °J ~ cZ4 ^ tonA2 tsx i V ^ supE44 
thyA pdxC nalA 

F~ lacZ39 mem rpsUS or rpsL-110 
F K~ 

rpoB, otherwise as CU372 

F~ proC34 purE38 rpsL trp^3 tdcl 

tdcl , otherwise as MB201 

argHl metBl rpoB352, otherwise as MB201 

H>oB, otherwise as ES430 
m olB29 rpoB, otherwise as MB201 
malB29rpoB, otherwise as KL226 



Source 



' This strain may also carry additional parental markers. 



A. Markovits via F. C. Neidhardt 

J- J. Anderson 
J. J. Anderson 
J. J. Anderson 
1- J. Anderson 
i. J. Anderson 

B. J. Bachmann 
J. J. Anderson 
B. J. Bachmann 
B. J. Bachmann 
B. J. Bachmann 
J. J. Anderson 
S. C Quay 

J- J. Anderson 



B. J. Bachmann 
J. J. Anderson 
This study 

Conjugation, PK191 x T211B 

This study (see lew) 

rpoB transductant of MB201 from 

This study 

rpoB transductant of MB201 from MB431 
rpoB transductant of KU26 from MB431 
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TABLE 2. Specific activity of threonine 
dehydratase induced in selected strains of E. coli 
K-12" 



Strain 



Culture density* 



Sp act 



AB1927 

M2508 

AE84 - 

ES430 

KL14 

W4680 

MB201 

HfrH 

EO300 

DF40 

MB202 

BW113 

KL16 

MB227 



0.97 
0.50 
1.48 
0.56 
1.46 
1.46 
1.32 
1.62 
1.55 
0.97 
1.87 
1.46 
1.53 
1.19 



<0.2 
0.4 
0.7 
1.3 
1.7 
2.0 
2.7 
22.1 
22.6 
22.9 
33.6 
60.9 
77.4 
91.4 



Ten milliliters of tryptone-yeast extract medium 
was inoculated with 0.1 ml of an aerobic overnight 
culture (initial absorbancy at 550 nm = 0.08) of the 
designated strain and cultivated anaerobically for 24 h 
Enzyme activity was measured in toluene-treated cells 
as described in Materials and Methods. 
b Absorbance at 550 nm. 

greatly reduced levels of threonine dehydratase during 
anaerobic growth in tryptone-yeast extract medium 
«SSa, f" d Fig X) ' Spontaneous revertants of 
■Ei Produces as much enzyme as most 

wild-type strains in tryptone-yeast extract medium, 
were isolated as follows. MB201 was cultured anaero- 
?S?u II !J hc ^^-y^ extract medium. After 24 
h (20 h after the cessation of exponential growth; see 
Hg. 1A), a gradual increase in culture density accom- 
panied the appearance of dehydratase activity. From a 
sample taken at 54 h, several single colonies were 
isdated and punned. One of these clones, designated 
If TT y 1 showed the usual induction kinetics of 
Uie dehydratase in tryptone-yeast extract, was used 
for further experiments; this strain had the other 
auxotrophic markers (see Table 1) present in the 
parent MB201 as determined by plating on appropriate 
media. Although the process by which prolonged 
cultivation of MB201 in tryptone-yeast extract selects 
for revertants exhibiting enzyme induction is not 
understood, three separate experiments produced in- 
dependent clones with threonine dehydratase activity 
Conjugation 30(1 transduction studies. Gradients of 
transmission in uninterrupted mating experiments 
were determined according to the method of Anderson 
et al. (1). Generalized transduction was performed 
using the phage PI cml WrlOO in the manner described 
by Miller (17). 

RESULTS 

Variability in enzyme induction in various 
strains of E. coli K-12. A number of strains of £. 
colt, obtained from several laboratories, exhibit- 
ed various levels of threonine dehydratase activ- 
ity when cultivated anaerobically in tryptone- 
yeast extract medium (Table 2). With two excep- 
tions (M2508 and ES430), all strains having 
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lower specific activities grew to similar culture 
densities compared with those with higher en- 
zyme levels indicating no obvious relationship 
between ceU growth and enzyme activity. 
mJ^ growtl4 and «nzyme induction in strains 
MB201 and MB202. To examine more carefully 
the physiological effect of a low level of threo- 
nine dehydratase, we measured the kinetics of 
enzyme induction and relative growth of strain 
MB201 and a spontaneous revertant of this 
strain designated MB202 (see Materials and 

ma™ H \ 1 Thr ? u $, 0Ut a 14 " h anwrth period, 
u nt && ble enzyme activity, whereas 
MB202 showed maximal enzyme synthesis after 
about 9 h (Fig. 1C). A comparison of relative 
growth of MB201 and MB202 in tryptone-veast 
extract medium showed that MB202 grew to 
twice the turbidity reached by MB201 (Fig. 1A) 
However, when the medium was supplemented 
with 10 mM KN0 3 , an electron acceptor that 
generally improves cell growth in an anaerobic 
environment (27), both strains eventually 
reached the same culture density (Fig IB) 
Although the significance of this finding remains 
to be established, a more striking observation 
was that a threonine dehydratase activity was 
induced in MB201 growing anaerobically in the 
presence of nitrate (Fig. ID). In several indepen- 
dent experiments, the maximal amount of threo- 
nine dehydratase found in nitrate-grown MB201 
varied between 50 and 100% that seen in MB202 
(cf. Fig. 2) or a wild-type K-12 strain; sodium 
nitrate was equally effective as potassium ni- 
trate. The addition of two other physiologically 




Hmalhourt) 

FIG. 1. Growth and induction of threonine dehy- 
dratase activities in strains MB201 (•) and MB20-> 
(O). Cultures were grown in still culture in tryptone- 
yeast extract (A, C) or in the same medium supple- 
mented with 10 mM KNO, (B, D). Cell growth is 
expressed as increase in absorbance at 550 nm mea- 
sured after appropriate dilution. Enzyme activity was 
assayed as described in Materials and Methods and 
expressed as units per milligram of protein. 
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6 7 
Time (hours) 

of fh2;„ 2 ' E aV ? f chIoran »Phenicol on the induction 

thf 2? P' )m Cu,lures w ^ grown in still culture in 

10 mM KN0 3 . At vanous times, enzyme activity was 

expressed as units per milligram of protein. To seoa- 
rate cultures (■, •) chloramphenicol (100 ^^as 
added a tunes indicated by the arrows. No chloral 
phemco! was added in control cultures (Q , O) 

funcUonal electron acceptors, such as fumarate 
{40 mM) and nitrite (5 mM), to the cultures of 
MB201 also resulted in the induction of threo- 
nine dehydratase (data not shown). 

It is possible to argue that MB201 produces an 
altered form of the dehydratase which is unsta- 
ble in cells grown in tryptone-yeast extract me- 
dium but is stabilized in the presence of electron 
acceptors. This notion was ruled out by the 
following experiments. Dialysis of an extract 
from nitrate-grown MB201 against 0.1 M potas- 
sium phosphate buffer, pH 8.0, in the presence 

mM AMP) did not affect the specific activity of 
the enzyme; furthermore, addition of nitrate 
during assay to extract free of nitrate did not 
increase enzyme activity. Similar results were 
seen with extracts from MB202 grown in the 
presence of nitrate. 

MB2^ U »nH°L C iS^ pne,riC01 to cu,tures of 
MB201 and MB202 soon after the onset of 

fh^L me . in ^ ti0n prevented further increase in 
the level of the enzyme (Fig. 2), mdicatins that 
culuvauon of MB201 in the\4e-supptt 
ed tryptone-yeast extract medium resulted in de 
novo synthesis of threonine dehydratase 

tkZTSJS*'!?? 011 °* ts *9 iat from MB201. 

ability of the extracts from MB201 grown in 
^tone-yeast extract with nitrate to catalyze 
the threonine dehydration reaction prompted us 
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to examine whether the catalytic activity ob- 
served was due to the presence ofbtooW 
^ th^nine dehydratase, or whetCTe 
exuact contamed a new enzyme activity elabo- 
rated during growth in nitrate-supplemented me- 
dnim. Several lines of evidence de^Sbetow 

v^as LtTf 1 r ^ dehvd -tase o?mm 
was similar to the enzyme isolated from the 
revertant MB202 or fiSS the wflSr^ To* 

acl vnf e h-J Stab S Shed < 5 ' 19 > ^) that the 
activity of biodegradative threonine dehydratase 

be punned by affinity chromatography on AMP- 
fn ^^;^^^ enzyme is subject 
?JZWf- ^activation by several toSS 
ary metabolites, notably pyruvate and Jyoxv- 

£S t a°£ mtrat e-8rown MB201 was stimu- 

sEE' and «"? ***** e ™ boTd 
iohi '^ ar P se; 11 was e!uted by AMP to 
for L^rL^ ° f purit y* ™ e *« values 

^ reOIUne ? *** P rese "ce of a saturating 
concentration of AMP were 5.1 mM andTf 

^io^a^™ 65 """^ 

M^rl MB202 ' of ^tracts from 
MMW mh pyravate orglyoxylate resulted in a 
Ume-dependem loss of enzyme activity. A com- 
parison 01 toe motivation kinetics showed that, 
in 60 mm, 20 mM glyoxylate inactivated 25% of 




FIG. 3. Immunological analysis of enzymes in ex- 
tracts of strains MB201 and MB202. The center well 
contojned 10 ug of affinity-purified antibodies (rabbit) 
directed against purified threonine dehydratasefrom 
^i^-12 WeUs I and 2, ExttactTSfK iSS 
J"? J£» «» l** respectively, from cells 
rT^wSP 0fle ' yeasl cxtract medium; well 3, ex- 
U^c of MB20 (560 ws) grown in KNO,-supptemenSl 
U^^t extract mediuin; wdb 4 and M0 W of 
Punned £. coit K-12 enzyme; wefl 5, buffer. 
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TABLE 3. Levels of selected catabolic enzymes in 
strains MB201 and MB202 grown in the presence or 
absence of KN0 3 a 



Sp act 



Enzyme 



MB201 



MB202 



Threonine 

dehydratase 
Tryptophanase 
D-Serine 

deaminase 



-KNO, +KNO, -KNOj +KNO, 



0.77 32.7 36.7 43.4 



0.15 
3U 



0.26 
20.7 



0.29 
38.1 



0.30 
22.8 



* Cells were grown in still culture at 37°C in tryp- 
tone-yeast extract medium (for threonine dehydratase) 
or to the same medium supplemented with 1 mg of l- 
tryptophan per ml (for tryptophanase) or 0.5 mg of r> 
senne per ml (for r>serine deaminase). Where indicat- 
ed, the medium also contained 10 mM KNO,. Enzyme 
activities of toluenized cells were assayed as described 
in Materials and Methods. 

the dehydratase from MB201 and about 15% of 
activity from MB202; with 20 mM pyruvate, the 
rates of enzyme inactivation were identical with 
both extracts. These results are reminiscent of 
those seen with the wild-type enzyme, and the 
small difference in the rates of inactivation by 
glyoxylate may be attributable to the difference 
in toe protein concentrations in the incubation 
mixture (cf. references 7, 19). 

Further evidence for the identity of the en- 
zymes was revealed by the Ouchterlony double- 
dffiusion unmunoprecipitation technique (Fig 
3). An extract of MB201 grown in nitrate-supple- 
mented medium showed a precipitin band with 
affinity-purified antibodies raised against puri- 
fied threonine dehydratase Irom E, colt K-12- 
the line of identity (without a spur) between the 
wild-type and MB201 enzymes indicates that 
they were immunologically identical. By the 
same evidence, the enzyme in the extract of the 
revertant MB202 was also identical to the wild- 
type enzyme. It is noteworthy that there was no 
cross-reacting material in the extract of MB201 
grown in the tryptone-yeast extract medium 
without KNO3. 

Synthesis of other inducible enzymes in MB201. 
Biodegradative threonine dehydratase is one of 
several enzymes that refines cAMP for its 
synthesis and is subject to catabolite repression 
by glucose (20, 22). Conceivably, the mutation 
in MB201 may alter the requirements for cAMP 
for the induction of threonine dehydratase 
However, the addition of 10 mM cAMP, which 
allows threonine dehydratase synthesis in 
adenyl cyclase mutants (20), did not result in 
enzyme production in MB201. The defect in 
MB201 also did not affect the induction of r> 
senne deaminase (EC 4.2.1.14) and tryptopha- 
nase (EC 4.1.99.1) in the tryptone-yeast extract 
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medium with and without KN0 3 and supple- 
mented with the specific inducers for these 
enzymes. Whereas threonine dehydratase levels 
could vary over 40-fold, there was little differ- 
ence in the levels of D-serine deaminase or 
tryptophanase between MB201 and the rever- 
tant (Table 3). More important, addition of ni- 
trate did not significantiy alter the induced levels 
of these enzymes in either MB201 or MB202 
These results appear to suggest that the muta- 
tion in MB201 affects the expression of threo- 
nine dehydratase by a mechanism not common 
to the other two inducible enzymes. 

jJS^a*. anaero °i c Proteins by strain 
MB201. To determine whether strain MB201 is 
generally defective in adapting to anaerobic con- 
ditions, two proteins, fumarate reductase and 
cytochrome c 55 i, specifically involved in anaer- 
obic metabolism, were measured in extracts of 
strains MB201, MB202, and MB227 cultivated 
anaerobically in tryptone-yeast extract medium. 
There was little variation in the levels of these 
proteins among the three strains (Table 4); in 
contrast, high levels of threonine dehydratase 
were found in MB202 and MB227 with negligible 
activity in MB201. In all cases, the rate! of 
succinate oxidation by extracts (data not shown) 
were significantiy lower than the rates of firnia- 
mic reduction, indicating that the enzvme re- 
sponsible for fumarate reduction was most like- 
ly fumarate reductase and not succinate 
dehydrogenase (25). NADH oxidase activity 
which is usually low during anaerobic growth 
(13), also did not vary significantly among 
strains MB201, MB202, and MB227 cultivated 
anaerobically (Table 4); as expected, the en- 
zyme activity was increased approximately 15- 
fold in extracts of all three strains cultivated 
aerobically (data not shown). 

v £?^!^ 0,,ial location «* 'be mutation in 
frjtm. The cumulative results described above 
clearly suggest that a mutation in MB201 (tenta- 
tively designated tdcl) somehow prevents the 

TABLE 4. Levels of several proteins involved in 
M w» ° r anaerobic metabolism in strains MB201 
MB202, and MB227 culti vated anaerob:ca!ly fl 

Protein content 

Slrain Fumarate Cytochrome *S*T ine NADH 
reductase ^ 



MB201 280 
MB202 319 
MB227 213 



3.8 x 10" 4 

2.6 x l(r 4 

3.7 x 10- 4 



0.01 0.515 
42.8 0.425 
134.7 0,225 



Cultures were grown anaerobically for 12 h En- 
zyme activities were determined in sonic extracts; 
cytochrome c S3l content was measured in the soluble 
traction (13). All values are expressed as units per 
milligram of protein. 
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Recipient Selected maiter 



Expt 



1 
2 
3 
4 
5 



MB102 
(rpoB tdcl*) b 
MB102 
(rpoB tdct*) 
MB102 

(metB* tdcf) 

mm 

(maiB* tdcl*) 
MB202 
JmalB* tdcf*) 



MB201 

MB201 
Opcfl* tdcl) 
MB203 
(metBtdd) 
MB206 
(malBtdci) 
MB206 
(malBtdci) 



rpoB 

rpoB 

metB* 

maW* 

malB* 



° Unselected marker. 
Relevant genotype is given in parentheses. 

^fe?^^^ deh y^ in tryptone- 
yeasi extract medium; addition of an Jt^^ZT 
acceptor to the culture^ mS allows 252? 

on me £\ chromosome, three uiunterrunted 
ers^wT« n ^ S ^^auxotrophic mar^ 

ma! marker was selected on^proS EST 
^ " nd re ^inants were scorWr^ce" P TSf 



% Cotransduction wi*s 

IT 
(3/200) 
1 

(1/100) 
0 

(0/50) 
59.1 
(117/198) 

91 
(91/100) 



purE 




markers 

tenant fe,m a cross between WU91 x raw- 
^^.^wtha cotransduction fi^ency 



Strain 



70 »o » 5555" to 
Mop position (minutes) 

aJ^£££ ia !i rf <™«fflission of unseated 
strain. T^PwS ZteTS^i* 7 



MB201 (irfc/) 
MB202 (r<frr) 
DF40 (pgi) 

**B&! Oder pgr) 



Glucose 



Turbidity* 



Fkuctose 



0 
98 
0 
77 



90 
70 
83 

57 



— J_[ >j 

wiAlSSS 5 °i mcdium w*s inoculated 

lureswere mcubated anacrobicifly for 24 h 

'Detenmned with a Klett Wn*r*« nhotoefcc 
tnccoJonineter.usingaredfi^^ 
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TABLE 7. Phosphoglucose isomerase activity in 
extracts of several strains of E. coti K-12° 



ft. ■ * 

Strain 


Protein (jig) 


Sp act 


MB201 


16.5 


0 




330 


0 


MB202 


16.0 


86.5 


MB227 


16.0 


54.5 


DF40 


14.0 


0 




280 


0 


MB202 


S.0 


102.0 


MB202 


8.0 


100.5* 


+ MB201 


8.0 


MB202 


8.0 


106.7* 


+ MB201 


16.0 



— -- »w "«-iv Hicpoicu ii urn ecus cuiuvaiea an- 
aerobically in tryptone-yeast extract medium. 

Expressed as milligrams of protein from MB202 
extract. 



locus, which encodes phosphoglucose isomer- 
ase, is closely linked to malB; mutants lacking 
this enzyme grow slowly on glucose aerobically 
(8), but not at all anaerobically (9), and can 
utilize fructose efficiently under either condi- 
tion. MB201 exhibited the same growth charac- 
tenstics as tfrain DF40, a known pgi mutant (9) 
(table 6). The spontaneous revertant, MB202, 
grew well on either glucose or fructose anaerobi- 
cally as did the wild-type strain, MB227. 

The direct evidence for the identity of the tdcl 
locus with that of pgi was obtained from assay of 
phosphoglucose isomerase activities in MB201 
and DF40 (Table 7): extracts of these strains 
contained no isomerase activity, whereas ex- 
tracts of the spontaneous tdcl* revertant 
(MB202) and a wild-type strain (MB227) con- 
tained similar amounts of enzyme. Control ex- 
periments with mixed extracts from the mutant 
and revertant showed no evidence for an inhibi- 
tor <rf phosphoglucose isomerase in the extract 
ofMB201(Table7). 

_ *JJJ genetic experiment, a malB derivative of 
MB201 was transduced to malB\ using phage 
PI grown on MB202, and tdcl and pgi were 
found to cosegregate in 50/50 transductants. 
These data, taken together, strongly suggest that 
tad is tightly linked if not identical to pgi. 
Effect of nitrate on enzyme synthesis in various 
coS K-12 strains. Seven of 14 £. coli K-12 
strains listed in Table 2 had low levels of threo- 
nine dehydratase when grown anaerobically in 
tryptone-yeast extract medium. One of these 
strains, MB201, showed 50- to 100-fold more 

C 12 me When nitrate was added t0 I* 1 * culture 
medium. To examine who'her nitrate also en- 
hanced enzyme synthesis in other strains with 
low activity, cultures were grown anaerobically 
m tryptone-yeast extract medium with or with- 
out nitrate, and enzyme activities were deter- 
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niined in cell extracts. Strains AE84 and DF^O 
produced significantly more enzyme in the pres- 
ence of nitrate (Table 8); in the ot! er strains, 
niirate did not enhance enzyme synthesis, sug- 
gesting that a separate mechanism might be 
responsible for the low level of enzyme synthe- 
sis. (An intermediate level of threonine dehydra- 
tase synthesis in DF40 in tryptone-yeast extract 
medium and stimulation of enzyme induction by 
nitrate suggested that DF40 is partially affected 
by the pgi lesion in this strain.) 

DISCUSSION 

Despite some recent progress in defining cul- 
ture conditions which influence the synthesis of 
the biodegradative threonine dehydratase, the 
true nature of the regulatory mo!ecule(s) stOI 
remains elusive. Several amino acids, notably 
threonine, valine, leucine, and aspartate, appear 
necessary for maximal enzyme synthesis (6, 29) 
and the requirement for an anaerobic environ- 
ment is presumably linked to intracellular levels 
of cyclic AMP (20). We report here that a 
mutation at 91 min on the E. coti chromosome, 
which is most likely a lesion at the pgi locus 
encoding phosphoglucose isomerase, prevents 
enzyme induction unless a physiologically func- 
tional electron acceptor such as nitrate is pres- 
ent in the culture medium. Although the rela- 
tionship between pgi y threonine dehydratase 
and nitrate are unclear, it is conceivable that an 
mternaUy generated metabolite (acting either as 
an inducer or a repressor) may regulate enzyme 
synthesis under anaerobic conditions; in a pgi 
mutant, a block in gluconeogenesis could alter the 
concentration of this putative regulatory mole- 
cule, whereas addition of an electron acceptor 
would open new metabolic pathways (27) restor- 
ing normal levels of this metabolite to allow 
enzyme synthesis. The role of a cellular "metab- 

TABLE 8. Effect of KNOj on induction of 
threonine dehydratase in selected E, coli strains* 



Strain 



Sp act 



MB201 

AE84 

DF40 

M2508 

AB1927 

ES430 

KL14 

W4680 



+KNO, 



0.32 
0.37 
8.93 
<0.20 
<0.20 
1,05 
4.73 
8.17 



15.73 
5.94 
32.«2 
<0.20 
<0.20 
0.89 
4.00 
6.83 



Ten milliliters of tryptone-yeast extract medium 
with or without 10 mM KNOj was inoculated with an 
aerobic overnight culture (0.1 ml) of the designated 
strain. Threonine dehydratase activity of toluene- 
treated cells was determined alter 24 h of anaerobic 
cultivation. 
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olite" in enzyme synthesis has also been in- 
ferred by Yui et al. (29) to explain the phenome- 
non of multivalent induction; Phillips et al. have 
also suggested (20) that pyruvate may repress 
the formation of threonine dehydratase. It is 
noteworthy in this context that threonine dehy- 
dratase levels in a particular strain vary some- 
what, possibly because of parameters difficult to 
control in a complex medium, and that strains of 
E. coli having little or no dehydratase activity 
are, surprisingly, of common occurrence (cf. 
Table 2), and not all these strains show en- 
hanced enzyme induction in the presence of 
nitrate (cf. Table 8). Furthermore, preliminary 
mapping data (D. Merberg, Ph.D. thesis, The 
University of Michigan, 1981) with KL14 and 
ES430 revealed that the threonine dehydratase- 
negative phenotype is not linked to lesions at the 
pgi locus. These observations are consistent 
with the notion that a complex regulatory sys- 
tem controls the synthesis of this enzyme, and 
mutations at different loci affecting the intracel- 
lular concentrations of a variety of metabolites 
may influence enzyme induction. Continuing 
studies on the nitrate-dependent enzyme pro- 
duction by pgi mutants in various defined media, 
and analyses of other regulatory loci involved in 
enzyme synthesis, should provide a better in- 
sight into the mechanism of induction of the 
biodegradative threonine dehydratase in the co- 
liaerogenes group of bacteria. 
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A single gene mutant lacking phosphoglucose isomerase (pgi) was selected after 
ethyl methane sulfonate mutagenesis of Escherichia coli strainK-10 Enzyme asivl 

IT? ^ u °f g ' ■ ctM,y ''l ^ mutant ' whereas Ieveb of Blucokinase, gluccWfiXs- 
phate dehydrogenase, and gluconate-6-phosphate dehydrogenase were simitaHn nar 
entand mutant. Theamount of glucose released by acfdhydrolysloKu^mS 
after growth on gluconate was less than 2% that released from parent «UV when 
grown m the presence of glucose, mutant and parent cells contained the' same 
amount of glucose rescues. The mutant grew on glucose one-third as fast as the 
parent; it also grew much slower than the parent on galactose, maltose, and lactose 
On fructose, gluconate, and other carbon sources, growth was almost normalTn 
both parent and mutant, gluconokinase and gluconate-6-phosphate dehydrase were 
E dur-ne Srowth on gluconate but not during growth on glucose aW and 
degradation of alanine from protein hydrolysates after growth on glucose-/-^ 

ST d that in the P*™* strain «■"»«» metatilizedby the 
gKxolyt,c path and the hexose monophosphate shunt. Gluconate was metabofced 
by ttie Entner-DoudororT path and the hexose monophosphate shunt. The mutant 

S to a taiSttent ** "** ^ ta M * d the 



The properties of a mutant of Salmonella Entner-DoudororT pathway (Fig 1 shows the 

lyphmrnnum deficient in a central enzyme of gly- relevant pathways) snows the 

s^bed SSSSS'ESf J"? We have now also "to" 1 "> ute »te of Esther- 

scribed previously (8 9). This mutant grew on khia coli lacking phosphoglucose isomerase In 

SET™ f .°1 ft , h „" faSt a ? the ^ ^^^wedeLibeLpro^rtieTo^suS 

strain, apparently largely by using glucose via the mutant. We have paid particubr attention to^he 

hexose monophosphate shunt. Enzymatic and role of the Entner^Doudoroff^u^ Hn 

^o op,c data suggested that both parent and mu- and in glucose metabolism, p«SScSiS2 

tant strams used the shunt at about the same rate; and Magasanik (12). in exKnlTwftb Zl 

and ' nd^T a ^T Xi 10 ¥ """V*** K-12 and a mutant lackmgpTaXglu^ose ^, 

and, indeed, to limit the growth rate of the mu- erase derived from it (10? obtained ni!L^ 

ta« Nevertheless both parent and mutant grew ges.ing llJS^i^Mi^S^ 

at sonilar high rates on gluconate, although this a major role in glucose, as we™ asT 22 

compound had been thought to be metabolized metabolism. Our results differ frcS theuSe? 

onty viatheshunt. However, isotopic experiments tain respects, and show that the Trnwaw of Z' 

and measurement of enzymes (8) showed that cose and gluconate n^KXt 

gluconate was metabolized in 5. typhimnriiun similar to those of S. nphimtntom 
largely via the Entner-DoudororT path (6); glu- «*rum. 
conokinase and the first enzyme of the Entner- Materials and Methods 

Doudoroff path, gluconate-6-phosphate dehy- CW„fr. Gluconate-/-«C was from Nuclear 

drase were found to be induced by gluconate but Chicago Corp., Des Plaines, IU Glucose-i "Sc l 

not by glucose. Thus, when gluconate 6-phos- alanine-l/-»C and DL-alaiuiw-/-"C were from New 

phate arose from glucose its metabolism appeared '= n 8 |a,,d Nuclear Corp., Boston, Mass. 2-Keto-3- 

lo be restricted to the shunt, whereas when it w°Y 8 v!^ te ^? hosph , ate a senerous gift from 

arose from gluconate it was aMe to use the O^ctn^Toc^Vv" STcS 



1572 



FRAENKEL AND LEVISOHN 



J. Bacteriol. 



<0.05% glucose. GIucose-6-phosphate dehydrogenase 
and lactic dehydrogenase were from Boehringer 
Mannheim Corp., New York, N.Y.; other biochemi- 
cats were from Boehringer or from Sigma Chemical 
Co., St. Louis, Mo. 

Assays. Glucose was measured with glucose oxidase 
(Glucostat, Worthington Biochemical Corp., Free- 
hold, N X). Protein was measured by the Folin method 
(14) with bovine plasma albumin as a standard, cor- 
rected for moisture content (11). 

Enzyme assays. Cell-free extracts were prepared 
from 250- or 500-ml cultures. The cells were collected 
by centrifugation, washed once with 0.9% NaCl, and 
resuspended in 1% of the original volume of buffer 
containing 0.01 m tris(hydroxymethyl)aminomethane 
(Tris) chloride, 0.01 m MgCI 3) and 0.001 m dithio- 
threitot (pH 7.8), These suspensions were treated for 
1 min per ml with an MSE Ultrasonicator, and then 
were centrifugsd at 17,000 X g (maximum) for 30 
min; the pellets were discarded. Incubation mixtures 
for all assays contained 0.05 m Tris chloride and 0.01 
m MgCli (pH 7.6). The nicotinamide adenine dinu- 
cleotide phosphate (NA DP) -linked direct spectro- 
photometric assays were done with 1-ml final volumes, 
and contained 0.2 mM NADP. The other additions 
were as follows: for glucokinase, 0.5 mM glucose, 2mM 
adenosine triphosphate (ATP), and 1 fig of glucoses- 
phosphate dehydrogenase (Boehringer Mannheim 
Corp.); for phosphoglucose isomerase, 0.4 mM fruc- 
tose-6-phosphate and 1 ng of glucose-6-phosphate 
dehydrogenase; for gtucose-6-phosphate dehydro- 
genase, 0.6 mM glucose-6-phosphate; for gluconate-6- 



phosphate dehydrogenase. 0.4 nui gluconate-6-pbos- 
phate; and for gluconokinase, 0.5 mM sodium 
gluconate and 2 mM ATP. 2-Keto- 3-deoxygluco- 
nate-6-phosphate (KDGP) aldolase was measured 
as substrate-dependent reduced nicotinamide adenine 
dinucleotide (NADH 3 ) oxidation in a mixture with a 
total volume of 0.2 ml containing the usual buffer, 
0.15 mM KDGP (barium salt), 0.1 mM NADH,, and 

1 Mg of lactic dehydrogenase. In all these assays, the 
reactions were started by the addition of extract, and 
the change in absorption at 340 mp was followed in a 
Gilford Model 2000 recording spectrophotometer 
with the cell chamber kept at 25 C With one excep- 
tion, the reactions were proportional to the amount 
of extract and were linear with time for several min- 
utes. The exception was gluconate-6-phosphate dehy- 
drogenase, whose rate fell as much as 40% in the first 

2 min, possibly because of inactivation; for this 
enzyme, initial rates are given. 

Gluconate-6-phosphate dehydrase was measured 
at room temperature in a two-step assay, as previously 
described (8). This assay depends on the excess of 
KDGP aldolase present in the extract. 

Organisms and media. The HFr strain of E. coli 
K-12, called K-10, was used as the parent strain. 
Minimal medium 63 (8) was supplemented with 
thiamine hydrochloride (1 Mg/ml) and the carbon 
source (4 mg/ml). The broth medium was 63 supple- 
mented with 1% tryptone (Difco) and 0.4% glucose. 
Solid media contained 2% agar. For glucose tetra- 
zolium indicator plates (16), 25.5 g of Antibiotic 
Medium No. 2 (Difco) and 50 mg of 2,3,5-triphenyl 
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0 
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Fko. 1. Pathways of glucose and gluconate metabolism. This figure outlines the major pathways of glucose and 
gluconate metabolism in Escherichia coli. Dashed arrows represent reactions known to be catalyzed by inducible 
enzymes. The distribution of the carbon atoms of glucose- 1 - lA C and gluconate- 1 - l *C are also sketched. The number- 
ing is of the carbon atoms in the parent compounds. 
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tetrazolium chloride (Sigma Chemical Co.) were dis- 
solved in 950 ml of water and autoclaved for 30 min 
at 120 C; 50 ml of 20% glucose was added. Cultures 
were always incubated at 37 C. 

Growth rates. Flasks (125-ml) fitted with side arms 
14 mm in diameter and baffles on the bottom to in- 
crease aeration were used with 10 ml of culture, shak- 
ing on a New Brunswick Gyratory water bath shaker 
at 37 C, at 220 cycles per min of 1.1-cm excursion. 
Turbidity was followed on a Lumetron colorimeter 
model 401 with a 580 filter; the readings were corrected 
for their deviation from proportionality to bacterial 
concentration and were translated to bacterial dry 
weight on the basis of a dry-weight determination of a 
measured quantity of K-10 in logarithmic growth on 
glucose. The turbidity range in growth rate experi- 
ments was 0.025 to 0.75 mg (dry weight) per ml. 
Growth rates were determined from the slopes of 
plots of bacterial dry weight (on a logarithmic scale) 
versus time. 

Glucose utilization. Cultures were grown in a me- 
dium containing, initially, 2 mg of glucose per ml. 
Samples (0.5 ml) were immediately frozen and were 
later thawed and centrifuged in the cold to remove 
cells. Glucose was assayed on portions of the super- 
natant fluid, and the values obtained were plotted 
against dry weight as determined from the turbidity 
measurements. 

Glucose content of hydrolysates. Strains K-10 and 
L40 were inoculated in dilutions of 1 :500 and grown 
to stationary phase in minimal media containing (i) 
0.4% sodium gluconate and (ii) 0.4% sodium glu- 
conate plus 0.4% glucose. The cells were harvested 
and washed three times with water. Portions corre- 
sponding to 50 mg (dry weight) were suspended in 
1 JO ml of 1 .0 n HC1; the tubes were closed with rubber 
stoppers and placed in a boiling-water bath for 3 hr. 
The debris was separated by centrifugation, the pellets 
were washed once with 1 ml of water, and the com- 
bined supernatant fluid and wash were neutralized 
with 10 n KOH. Glucose was assayed on portions of 
these hydrolysates. In an internal control, when 1 mg 
of glucose was added before hydrolysis to a sample of 
L40 grown on gluconate, 96% was recovered. Also, 
the quantities of hydrolysate used did not inhibit the 
glucose assay. 

Isolation and degradation of alanine. Amounts of 
0.01 ml from overnight cultures were inoculated in 25 
ml of minimal medium containing 15.2 #imoles of 
glucose- I- U C or gluconate-/- ,4 C per ml and incubated 
at 37 C on a shaker until fully grown. The cells (1 1 to 
21 mg, dry weight, total) were harvested by centrifu- 
gation after acidification to 0.1 4 n trichloroacetic acid. 
Protein was prepared from them by the fractionation 
procedure of Roberts et al. (15). The protein fractions 
were hydrolyzed in 1.5 ml of 6 n HCl in sealed tubes at 
109 C for 14 nr. The small amounts of debris were re- 
moved by centrifugation and washed with water; the 
washes and supernatant fluids were combined and 
taken to dryness several times in vacuo over solid 
KOH and concentrated H-SO*. Alanine was isolated 
from these hydrolysates by paper chromatography on 
Whatman no. 1 paper, descending, 19 hr by use of 
the mefe-cresol-water system in an atmosphere of 1% 
NHj (3). Standards were located with a ninhydrin 



spray, and radioactivity in the samples was located 
with a Packard 4r chromatogram scanner. The band 
corresponding to alanine was eluted and chromato- 
graphed in a second system, n-butanol-acetic acid- 
water, 65:15:25 (18), Whatman no. 1 paper, descend- 
ing, 12 hr. Alanine was eluted from the paper with 0.01 
m acetic acid; its concentration was determined by the 
quantitative ninhydrin method of Troll and Cannon 
(18), and its radioactivity was determined in Bray's 
solution (2). 

Radioactivity in the carboxyl group of alanine was 
determined by decarboxylation in the presence of 
carrier by the quantitative ninhydrin method done in 
a closed system, as follows. To a Thunberg tube 21 
mm in diameter were added 0.1 ml (ca. 0.1 pinole) of 
radioactive sample, 0.05 ml of L-alanine- 1 ^ (10 
^moles/ml) , 0.8 ml of the KCN-pyridine reagent (18) , 
and 0.8 ml of 80% phenol (18). After chilling in ice, 
0.2 ml of cold ninhydrin (50 rng/ml in ethyl alcohol) 
was quickly added, and the top, whose side arm con- 
tained 0.5 ml of 1 n KOH, was put on. The system was 
evacuated with a water pump and sealed when the 
liquid in the trap started to bubble (the reaction mix- 
ture being still yellow at this point). The reaction was 
started by putting the bottom 2.5 cm of the tube in a 
boiling-water bath. After 5 min, the tube was removed 
from the bath, and allowed to cool for a few minutes 
with occasional swirling to promote COj trapping. 
The content of the trap, with two water washes, was 
transferred to a test tube, and the carbonate was pre- 
cipitated by addition of 1 ml of saturated Ba(OH)i. 
The precipitate was collected on B-6 membrane niters 
(Schleicher & Schuell Co., Keene, N.H.) and washed 
twice with 1 ml of water. The filters were dried for 1 5 min 
under a heat lamp, and their radioactivity was deter- 
mined in a toluene scintillation system containing 
2,5-diphenyloxazole (4 g per liter) and /?-bis[2-(5- 
phenyloxazolyl)l-benzene (50 mg per liter). Radio- 
activity was measured with a Nuclear-Chicago Mark 
I scintillation counter equipped with an external 
standard which allowed all activities of samples 
counted in solution to be corrected to disintegrations 
per minute (dpm). 

Results 

Selection of mutants lacking phosphoglucose 
isomsrase. Both the S. typhimurium (9) and the 
E. coli (10) mutants lacking phosphoglucose isora- 
erase were first recognized as abnormal galac- 
tose-negative mutants. Our "rational" isolation 
of such mutants was based on the assumption 
that they would likely be negative or pseudo- 
negative on glucose indicator plates, and on 
minimal medium might show the growth pattern 
characteristic of the Salmonella mutant— slow 
growth on glucose (or galactose or maltose) and 
normal growth on carbon sources which are not 
metabolized via glucose-6-phosphate (fructose, 
gluconate, or glycerol). 

£. coli strain K-10, 7 X 10* viable cells per ml 
in medium 63 was treated with 0.035 volumes of 
ethyl methane sulfonate (13) at 37 C for 20 min, 
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and dilutions were plated on glucose-tetrazolium 
plates. (On such plates, wildtype 'fermentations 11 
give pale colonies, whereas mutants are varying 
shades of red.) The viable count did not decrease 
significantly with mutagenesis, but the indicator 
plates from the mutagenized culture contained a 
small proportion of red colonies of various types. 
One hundred of these were purified and streaked 
on glucose, galactose, fructose, and gluconate 
minimal plates. Several classes of mutants could 
be recognized: some grew normally on glucose- 
minimal medium, others failed to grow on mini- 
mal medium at all, and yet others grew normally 
on some media but not on others. Among the 
latter were two, L40 and L93, which showed 
the same pattern previously seen with Salmo- 
nella pgi mutants. Enzyme assays on extracts 
prepared from cultures grown to stationary 
phase in broth showed that the parent strain 
had a phosphoglucose isomerase activity of 600 
nuimoles per min per mg of protein, whereas 
L40 and L93 had activities of 2 and <1, respec- 
tively. Studies of revertants and mapping ex- 
periments with these strains show that they 
are both single gene mutations (7). In accord 
with the convention suggested by Demerec et 
al. (5) the mutant genes in these isolates will 
be called pgi-2 and pgi-3. L40 (pgi-2) was chosen 
for further study. 

Growth studies. Strains K-10 and L40 were 
inoculated on a variety of minimal media to give 
about 50 colonies per plate. As Table 1 shows, 
L40 formed substantially smaller colonies than 
K-10 on glucose, galactose, maltose, and lactose; 

Table 1. Colony size on several carbon sources'* 



Carbon source 


Diam of colonies (mm) 


Parent strain 
(K-10) 


Mutant strain 
(L40) 


Glucose 


>2 


0.5 


Galactose 


2.0 


0.3 


Lactose 


1.8 


6 


Maltose 


1.5 


0.3 


Acetate 


0.4 


0.35 


Arabinose 


1.8 


1.8 


Fructose 


1.4 


1.3 


Gluconate 


2.0 


1.3 




1.2 


0.9 


Succinate 


1.3 


1.1 



• Cultures were spread on minimal medium 
plates so as to give ca. 50 colonies per plate, and 
average colony size was estimated after 48 hr of 
incubation. All sugars, with the exception of (l) 
arabinose, were of the d configuration. 

6 Colonies on lactose appear with longer incu- 
bation. 



on the other media, the colony sizes were more 
similar, though the mutant generally formed 
slightly smaller colonies than the parent strain. 

Table 2 shows the growth rates of the two 
strains in liquid minimal media. The data are 
given from several determinations because the 
behavior of L40 on glucose was unusually vari- 
able. The cause of this variation is not known. In 
several experiments, L40 was subcultured repeat- 
edly in glucose minimal medium, and the doubling 
times always increased, for example, from 144 
min initially to 195 min after 16 generations. 
Further subcultures usually gave outgrowth of 
revertants. In a control with gluconate instead of 
glucose, the initial doubling time was 80 min, 
which after 24 generations was down to 64 min. 
Each single cycle of growth in such an experi- 
ment looked logarithmic. We conclude that L40 
grows from one-half to one-third as fast as K-10 
on glucose, slightly more slowly than K-10 on 
gluconate, and at an equal rate on fructose. The 
slow growth of the mutant on glucose is charac- 
terized by slow glucose utilization, since the 
efficiency of glucose utilization is similar in mu- 
tant and parent (Table 3). 

Glucose residue content Phosphoglucose isom- 
erase has two roles: in growth on glucose, it 
must function in the direction of the conversion 
of glucose-6-phosphate to fructose-6-phosphate; 
in growth on gluconate or glycerol, on the other 
hand, it must function to convert fructoses- 
phosphate to glucose-6-phosphate, which is a 
necessary step in the biosynthesis of several sugars 

Table 2. Growth rates in minimal medium 11 
Doubling time (min) 



Glucose 


Fructose 1 


Gluconate 


Parent 


Mutant 


Parent 


Mutant 


Parent 


Mutant 


(K-10) 


(L40) 


(K-10) 


(L40) 1 


(K-10) 


(L40) 


68 


149 


77 




74 I 


59 


88 


63 


218 


79 


76 1 


54 


84 


65 


206 




95 ; 






63 


121 












156 












150 












177 










Avg: 65 


168 


78 


82 | 


56 


86 



a The cultures were first grown to logarithmic 
phase in fructose minimal medium, and then were 
centrifuged and resuspended in minimal medium 
with the indicated carbon source. Each value rep- 
resents a separate run. The rates were not dif- 
ferent when the inocula were from stationary- 
phase cultures on fructose. 
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(e.g., glucose, galactose, and rhamnose) found in 
polysaccharides. Thus, if strain L40 is indeed 
deficient in phosphoglucose isomerase activity in 
vivo, in certain media this should be reflected in 
its polysaccharide content. Table 4 shows that, 
when the strains were grown on gluconate, the 
glucose found in an acid hydrolysate of washed 
cells in the mutant was about 2% of that in the 
parent, whereas after growth in the presence of 
glucose they had similar contents. 

Enzymes of glucose and gluconate metabolism. 
Table 5 presents the activities of some enzymes of 
glucose metabolism in extracts prepared from 
cultures harvested from logarithmic growth on 
glucose, fructose, or gluconate. Phosphoglucose 
isomerase activity was constitutive in the parent 
strain, but it was absent in the mutant. The levels 
of glucokinase, glucose-6-phosphate dehydro- 
genase, and gluconate-6-phosphate dehydrogen- 
ase were similar in parent and mutant strain, and 
did not vary much with these growth conditions. 

The mutant grew on gluconate only slightly 
more slowly than the parent strain (Table 2). 
Table 6 shows the levels of some enzymes of 
gluconate metabolism. Gluconokinase and glu- 
conate-6-phosphate dehydrase were found, in 
both strains, only after growth on gluconate. 
KDGP aldolase, the second enzyme of the Entner- 
Doudoroff pathway, was found in high levels in 
all media, although there was some increase in 
the gluconate cultures. Thus, the metabolism of 
gluconate was effectively inducible by gluconate, 
since the kinase was inducible; and the metab- 
olism of gluconate-6-phosphate by the Entner- 
Doudoroff path also would be expected to occur 
only in the presence of gluconate, since one of 
its enzymes was induced only in the presence of 
gluconate. 

These results suggest that, in E. coli, glucose 
is metabolized via both phosphoglucose isomerase 
reaction and the hexose monophosphate shunt, 
whereas gluconate can be metabolized via the 



Table 3. Growth yields with glucose* 



Expt 


Cells formed (^g, dry wt) 
per mg of glucose used 


Parent strain (K-lO)jMutant strain (L40) 


1 


302 


371 


2 


338 


298 


3 


308 


338 


Avg 


316 


336 



'The values were determined from plots of 
glucose in medium versus corrected turbidity (see 
Materials and Methods). 



Table 4. Content of glucose residues 41 





Glucose fog/rag dry wt cells) 


Medium 








Parent 


Mutant 




(K-10) 


(U0> 


Gluconate 


13.1 


0.2 


Gluconate and glucose 


44 


37 



« Glucose was determined in acid hydrolysates 
of cultures grown as indicated ("see Materials and 
Methods). 



hexose monophosphate shunt and the Entner- 
Doudoroff pathway. In a pgi mutant, there was no 
evidence from these enzyme assays for derepres- 
sion of either the hexose monophosphate shunt 
or the Entner-Doudoroff pathway, and the growth 
on glucose of such a mutant indeed appeared to be 
limited somehow by the capacity of the shunt. 

Tracer experiments. The enzymatic data alone 
do not conclusively show that the Entner-Dou- 
doroff pathway has no role in glucose metabolism, 
since it is conceivable that gluconate-6 phosphate 
dehydrase is present, but particularly unstable, in 
glucose-grown cells. We have therefore used 
specifically labeled radioactive substrates to 
independently estimate the use of several path- 
ways in glucose and gluconate metabolism. The 
Entner-Doudoroff pathway was discovered in 
Pseudomonas saccharophila through experiments 
showing that gluconate labeled in the C-l position 
could give rise to carboxyl-labeled pyruvate (6). 
Gluconate-/- H C used by the hexose monophos- 
phate shunt ought to give unlabeled pyruvate, 
whereas glucose-/- I4 C used by glycolysis would 
give methyl-labeled pyruvate (see Fig. 1). 

We have, therefore, done experiments which 
estimate the specific activity of pyruvate and the 
location of the radioactivity in the pyruvate 
molecule, during growth of strain K-10 on glu- 
cose-/- 1 ^ and on gluconate-/- 14 C and of strain 
L40 on glucose-/- H C. To estimate the specific 
activities during growth, rather than in a non- 
physiological situation, such as that of the 
arsenite-treated resting cells (6, 8), we have as- 
sumed that alanine comes from the transamina- 
tion of pyruvate (19) and have isolated alanine 
from a protein hydrolysate prepared from cells 
grown for many generations on the various la- 
beled carbon sources. The alanine was then de- 
graded with ninhydrtn to determine the propor- 
tion of radioactivity in the carboxyl group. The 
results are presented in Table 7. When K-10 was 
grown on glucoss-/- u C, the specific activity of the 
alanine was one-third that of the substrate, and a 
very small fraction of the counts in the alanine 
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were in the carboxyl group. When the same strain 
was grown on gluconate-/- 14 ^, the alanine had a 
specific activity about half that of the gluconate, 
and virtually all its counts were in the carboxyl 
group. When the mutant was grown on glucose-/- 
l4 C t the alanine had a specific activity 8% that of 
the substrate; most of these counts were in the 
carboxyl group. 



To interpret these data, it is assumed that 
pyruvate derived by different routes is sampled 
uniformly for alanine biosynthesis; i.e., there is no 
compartmentation. The interpretation is then as 
follows. Glucose is used by the wild-type strain 
largely by glycolysis, and partly by the hexose 
monophosphate shunt. Because only 3% of the 
counts in alanine are in the carboxyl group, the 



Table 5. Some enzymes of glucose metabolism 



Carbon source 



Enzyme 



Glucose 



Fructose 



Gluconate 



I'urcnt 
(K-lUi 



Clucokinase 89 

Phosphoglucose isomerase 1,070 

Glucose-6-phosphate 

dehydrogenase 195 

Gluconate-6-phosphate 

dehydrogenase j 109 



Mutant 


\ f'ariiu 




<K-I0; 


101 


128 


<1 


1,280 


229 


216 


88 


86 



Mutant 


Parent 


(L4i»j 


< K-lo; 


159 


81 


<1 


954 


234 


143 


91 


124 



Mutant 

(UOj 



104 

<1 

147 
136 



* Ex tracts were prepared from aerobic logarithmic phase cultures at 37 C. Enzyme activities 
expressed as millimicromoles per minute per milligram of protein. acuvmes 



are 



Table 6. Some enzymes of gluconate metabolism 1 

Carbon source 

Kniyme Glucose Fructose Uluconale 

yss- 1 ass : "s* ~^T"i~""»' ~~ 

Gluconokinase l 4 ' 1 t ot ,■„,,! oc ~ tt \~ 

Gluconate 6-phosphate : 1 1 98 l2l3j * 85 {2U >* 

dehydrase 4 6 6 4 nn , lu 

KDGP aldolase 208 96 , 131 86 i JS 

* Extr f ts w «* prepared from aerobic logarithmic phase cultures at 37 C. Enzyme activities are 
expressed as millimicromoles per minute per milligram of protein activities are 

> Values in parentheses were found when the assay system included 250 „g of protein of an extract 
from glucose-grown K-10 to supply excess gluconate-6-phosphate dehydrogenase (8) 



Table 7. Origin of alanine* 



Parent iK-10> 
Parent (K-I0> 
Mutant iL40) 



Curbon source 



Glucose-/- 1 *C 
Gluconate- /- 14 C 
Glucose-/- M C 



Specific activity 
of carbon source 



dpm/tiinoff 

4.33 X 10< 
4.27 X I0 J 
4.33 X 10' 



Specific activity 
of alanine isolated 



ttpni /(iwotc 

1.47 X 10* 
1.97 X 10* 
0.35 X 10* 



Per cent dnm in 
carboxyl group of 
alanine 



3.6, 3.3 
94, 97 
74, 78 



~.^ a T e ,i* aS l*° ated f u° m cu ' ture , s & own *>" * h e indicated carbon source; its specific activity and 
per cent radioactivity in the carboxyl group were determined (see Materials and Methods^ When the 
M%F£SF™ done on L-alanine-^-C and />Z,-aIanine-/-HC, duplicate determination gave 
29^ and 28.89c recovery of radioactivity from the former, and 89,0 and 96.8' i from the latter 
b Duplicate determinations. " 
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use of the Entner-Doudoroff path by the wfld- logerithniic growth on glucose It is not km™, 

gpe i growing on glucose must be very small. The whether this low level is sXient ta T 

fraction using the shunt dilutes the specific ac- the minor use rf^FntnTn!.^ ^ 0U ? for 

tivfty of fhutoie-e-phosphate, and taus the b/tteZta^ W " D °^° r< * pathway 

specific activity of the pyruvate derived from Indeed, the main discrennnru iw 

When toe wi.d type JSTST+bM^ S^S^^SS^ 

,* afcuune was highly labeled in the carboxyl cultures andSd sutetaSl 

group, showing that a major portion of gluconate case-grown cells where*™* ..cS i S. 8 v 1 ' 

metabolism must be via the Entner-lSudoroff ph^eTuZ4 andtia^t ^^T*"^ 

pafcway. (It is not possible to estimate from these be nBcJu^S^S^SS^S!^ 

of the 1-carbon atom: presumably, the hexose between derivatives of E L//K-12 ^ 
monophosphate shunt. However, since the counts The other differences between our result* «»d 
m akmne were large* in the carboxyl group, a Loomisand U^v^t^M^^ 
small fraction probably uses the Entner-Doudor- rates of phoSucose 

0irpaW1 * mutants. These differences probably arTnot 

significant, for two reasons: (i) we found much 

Discussion variability in the growth rate of our mutant, and 

The experiments reported in this paper have } me fi mutant of tortus and Magasanik, which 

shown that gluconate metabolism in E. coli K-10 T co ™ rmed ' M ^'-negative, was derived in two 

and in a phosphoglucose isomerase mutant de- - (12 i and differ fr °m the parent strain 

rived from it is partly via the hexose monophct "cT™ ° ne eene . 1 . , 

phate pathway and partly via the Entner-Dou- k ^■ UC0Se ^ utdized efficiency 

doroff pathway. Earlier work with S. typhimurium 7 OUr p S l :™& u ? e m "tant and by its parent, the 

(8) led to similar conclusions, which are also to ?° W ° f the mutant reflected slow 

accord with the report of Eisenberg and Dobro u °l & uco& *> P™ 3 ^ via the hexose mono- 

gosz on gluconate metabolism in E coli ML3fi P"?^ 11316 Pathway. It is not known why this 

(Bacterid. Proc., 1966, p. 77). pathway can only be used relatively slowly. 

Glucose metabolism in E. coli K-10 is via both enzyme * rate-limiting. Another 

the phosphoglucose isomerase reaction and the Possibility is that regeneration of nicotinamide 

hexose monophosphate pathway. The ayi-neaa » w dmucIeotlde Phosphate is the limiting 

tive mutant uses glucose chiefly by me hexose P Ju C mUSt Suggest a thw factor Possibly 

monophosphate pathway. The possible role of contr ! b H ting *? sIow growth on glucose: the ac- 

the Entner-Doudoroff pathway in xlucose metah- CUm " f 1 ? of 501116 inhibitory metabolite. For, 

olism has been studied both by erjyrne measure te "E?** 1 from me Properties of some 

ments and isotopic tracer experiments There is no ?u mutants b!ocked in catabolic pathways after 

evidence for this pathway being used any more , FT?* P^* 0 ^**™ (e.g., references 

than very slightly by strain K-10 during Wh r *\u &t ? m L4 ° 8lucose 8 rowth on 

on glucose. However, the mutant, after Growth f ructoM < but do «L "<* cause stasis). This problem 

onglucc^-/-^,conta^ ^I^^; u 

amount of radioactivity in the carboxyl arouo of r> Fu 1 rthe L expe [ iments on the ro,e of the Entner- 

alanine. According to results obtained I with Do "u°^ pathw,y in glucose and gluconate 

another mutant (20), no exchange reaction be Z^aT *h " ° ne a ^»nying 

tween radioactive CO, and unlabeled Dvnivate ^ { -' and 8enetIC ""WW of ™e phospho- 

would produce this much labeling in alanine f% COSe lsomerase locus is Presented in another 
which must therefore be ascribed to minor use! 

by the mutant, of the Entner-Doudoroff pathway a«k™« ^ 

during growth on glucose. According to Tabte6 w ^ Acknowledgments 

the level of gluconate-6-phosphate dehydrase is' ^Zt^ *' ^ ^ and H Goldfine for thcir 

very Iow ; in both parent and mutant ^i^ SSES^T* Curt,S was L an abIe ™ s 

ni » aunn 8 investigation was supported by National Science 
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Regulation of lysine decarboxylase activity in Escherichia coli K-12 
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Abstract. The biodegradative lysine decarboxylase of E. coli 
has been reported to attain a higher specific activity when 
grown to saturation in the presence of excess lysine under 
conditions of low pH and absence of aeration. In order to 
examine possible sources of the pH and anaerobic regu- 
lation, a series of isogenic strains of E. coli K-12 were con- 
structed. The effects of cadR~,fnr~, cya~ , crp~ and pgi~ 
mutations on lysine decarboxylase expression were exam- 
ined. Cultures were grown in a lysine supplemented rich 
medium at pH 5.5, pH 6.8, and pH 8.0 with and without 
aeration and the enzyme was assayed from log phase cul- 
tures. The results suggested that the pH and air responses 
were independent and that these known regulatory processes 
are not responsible for this regulation of the biodegradative 
lysine decarboxylase. 

Key words: Polyamines - pH regulation - Anaerobiosis - 
Cyclic AMP 



In Escherichia coli two types of amino acid decarboxylases 
are found: the biosynthetic decarboxylases involved in the 
production of polyamines (Tabor and Tabor 1985) and the 
biodegradative or inducible decarboxylases acting on argi- 
nine, lysine and ornithine (Gale 1946). Studies designed to ' 
optimize enzyme production from high density cultures 
demonstrated that lysine decarboxylase levels were increased 
by the presence of the amino acid substrate, low pH, and 
absence of aeration (Gale 1946; Sabo et al. 1974). Gale 
(1946) discussed the possibility that these decarboxylases 
were important in maintaining the intracellular bicarbonate 
concentration under acidic conditions or in stabilizing the 
internal hydrogen ion levels. Recsei and Snell (1972) re- 
ported that the major defect of a histidine decarboxylase 
deficient strain of Lactobacillus 30A was the inability to 
regulate pH. Although genetic analysis revealed the in- 
ducible lysine decarboxylase is encoded by cadA (93 min) 
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Abbreviations: SAEC S-aminoethyl-L-cysteine; CRP Cyclic AMP 
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and is regulated by cadR in response to lysine (Tabor et al 
1980), the pH and anaerobic regulation of this enzyme has 
received little attention. Correlations of the expression of 
cadA and the nearby gene lysU have also been observed 
(Hershfield et al. 1984). One aspect of the mechanism of pH 
regulation of gene expression is its relation to other stress 
responses. Certain lac fusions have been isolated which 
showed a marked pH response (Aliabadi et al. 1986; 
Slonczewski et al. 1987). Induction of the SOS response 
(Schuldiner et al. 1986) or heat shock genes (Taglicht et al. 
1987) by alkaline pH has been observed and the osmotic 
regulator envZ has been implicated in porin gene expression 
as a function of pH (Heyde and Portalier 1987). 



Materials and methods 

Bacterial strains and media 

Bacterial strains used in this study are described in Table 1. 
CadR~ strains were tested by plating on glucose minimal 
plates containing 25 ug/ml S-aminoethyl-L-cysteine (SAEC, 
Tabor et al. 1980). Fnr~ strains were screened using the 
nitrate reductase overlay assay (Glaser and DeMoss 1972). 
^Cya and ACrp strains were phenotypically scored by 
plating on MacConkey-Iactose plus cAMP, lactose-minimal, 
and lactose-minimal plus cAMP. LB medium, Vogel-Bonner 
minimal medium, MacConkey indicator plates, and glucose 
tetrazolium plates were prepared as described (Miller 1972). 
The media were supplemented as necessary, in the following 
concentrations: cAMP 5 mM, methionine 40 mg/1, strepto- 
mycin 25 ug/ml, tetracycline 15 ug/ml, 2,3,5-triphenyl 
tetrazolium chloride 50 mg/1, and thiamine 2 mg/1. 

Enzyme assays 

The strains were grown in a modified medium similar to 
the decarboxylase medium of Falkow (Falkow 1958) (0.5% 
Bacto-peptone, 0.5% L-lysine hydrochloride, 0.3% yeast ex- 
tract, 1% D-glucose, and 50 mM buffer: MES for pH 5.5, 
MOPS for pH 6.8, and Tris for pH 8.0. For cultures grown 
under unaerated conditions, a 500 ml Erlenmeyer flask con- 
taining 500 ml of the modified Falkow medium was inocu- 
lated, sealed and grown at 37°C without agitation to an 
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frble 1. Levels of lysine decarboxylase in HT177 derivatives 



Strai 



am 



Relevant 
Genotype 



Specific activity of lysine decarboxylase" 



Anaerobic growth 



Aerobic growth 



pH 5.5 



pH 6.8 



pH 8.0 



pH 5.5 



pH6.8 



pH 8.0 



HT 177 cadR + fnr + 

BAA17 cadR + fnr" 
HT316 cadR" fnr + 



150±53 
(148 ± l) b 

133±27 
(138±30) b 
222 + 83 



27 + 12 
(21 ± 9) b 

11± 5 
(16 ± 4) b 
27 + 11 



1.3±0.7 
(0.9±0.2) b 

0.8+0.5 
(1.0±0.1) b 
1.7±0.7 



8±4 

20±5 
15±3 



5.0 + 0.9 

7.0 ±5.4 
2.8 ±1-0 



0.06 + 0.03 

0.03 ±0.01 
0.09+0.03 



•Values in nmoles l4 C0 2 evolved per minute per mg protein and are averages of five sets of assays 

> Values in parenthesis are specific activities of lysine decarboxylase measured in unaerated cultures containing potassium nitrate (1 g/1) 
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0D 55 o of 0.3 to 0.5. For cultures grown under aeration, a 
1 1 flask containing 250 ml of the modified Falkow medium 
was inoculated and grown at 37° C with agitation (275 rpm) 
in an air shaker incubator to an OD 5 50 of 0.3 to 0.5. During 
the growths the pH of the media changed less than 0.4 pH 
units toward pH 7. The cells were harvested, treated with 
1% toluene, and prepared for lysine decarboxylase assays 
as described (Wertheimer and Leifer 1983). Lysine decar- 
boxylase assays were performed as described (Tabor et al. 
1980). Cell extracts were assayed for total protein using the 
Bradford protein assay from Bio-Rad (Bradford 1976). 

Results and discussion 

K substantial increase in lysine decarboxylase specific ac- 
tivity was found in the absence of aeration and under low 
pH conditions even in early log phase cultures (Table 1). 
The low pH induction was observed in both the aerated and 
unaerated cultures. The data suggest that the pH effector 
can act with or without 0 2 and does not require the presence 
of an active anaerobic regulator or the onset of stationary 
phase for its effect. These results also suggest that the pH 
and aeration regulatory processes are not due to pH or air 
regulated intracellular levels of lysine which then act directly 
through the lysine responsive cadR gene product. Although 
the cadR mutant used was reported to relieve lysine regu- 
lation of cadA (Tabor et al. 1980), it may not be completely 
devoid of the CadR protein, so the possibility that other 
mutant alleles or cadR deletions could yield a different result 
cannot be completely ruled out. Variations among strains 
exhibiting SAEC resistance have been described (Popkin 
and Maas 1980). 

To determine if the aeration effect on level of the bio- 
degradative lysine decarboxylase was mediated through the 
Fur protein (Shaw and Guest 1982), a Fnr" derivative of 
HT177 was constructed by transduction of fnr-250 and an 
adjacent Tn/0 marker from RK5288 (J. DeMoss). There 
were no significant differences in lysine decarboxylase ac- 
tivity between the Fnr + and Fnr" strains in pH or aeration 
effects. Many anaerobically induced genes are repressed by 
maerobically used electron acceptors, such as nitrate 
(Winkelman and Clark 1986). The addition of potassium 
nitrate to unaerated cultures did not alter the specific activity 
°f lysine decarboxylase (Table 1). 

In a similar experiment the effect of cyclic AMP and pgi 
(phosphoglucoseisomerase), a gene involved in anaerobic 
regulation in S. typhimurium (Jamieson and Higgins 1986), 



on regulation of lysine decarboxylase activity were studied 
using Acya%5\ and Acrp4 and pgi" derivatives of KC14, 
and F" gal strain from E. L. Kline. Under unaerated con- 
ditions the KC14, Jcya and Acrp strains were similar in 
activity and lower activities were found in corresponding 
aerated cultures. The activity of the pgi' strain was lower 
than KC14 in aerated and unaerated cultures but the pH 
and aeration effects were still observed. Similar results were 
observed in modified Falkow medium (pH 5.5) containing 
fructose as the carbon source. These results suggest any 
effect of pgi was indirect. 
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